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The  results  of  the  work  performed  under  the  partial  sponsor- 
ship of  the  contract  are  described  in  the  21  ptiblications  tabulated 
in  the  appended  list.  Surveys  of  this  work  are  nontained  in  two 


review  articles  prepared  by  the  author,  "A  Progress  Report  on  the 
G-2  Resonance  Experiments",  Proceedings,  Fifth  International  Con- 
ference on  Atomic  Masses  and  Fundan^ntal  Constants,  Paris  1975, 
Plenum  Press  1976  and  "The  Ion  Storage  Collision  Technique", 

Invited  Papers,  Ninth  International  Conference  on  the  Physics  of 
Electronic  Atomic  Collisions,  Seattle  1975,  University  of  Wash- 
ington Press  1976.  Preprints  of  these  articles  arc  attached. 

It  may  deserve  special  special  that  during  tlie  v/ork  with 
stored  electron  clouds  an  in^>ortant  insight  was  gained.  When 
energy  and  angular  momentum  are  absorbed  by  the  cyclotron  motion 
and  transferred  via  e-e  collisions  to  the  axial  and  magnetron 
motion  but  only  energy  is  disspated  by  the  axial  motion^ the  radial 
extension  of  the  cloud  must  shrink.  This  foll<xi7S  from  angular 
momentum  conservation  in  the  closed  system  electrons  plus  magnet, 
principle  may  be  of  use  in  the  containment  of  fusion  plasmas. 

It  is  a pleasure  to  note  the  group  of  younger  men  who  have 
participated  in  the  work  of  the  contract;  these  include  post- 
doctoral nen  L rought  in  from  other  institutions , men  who  had  been 
awarded  the  Ph."*.  degree  at  the  University  of  VJashington  and  re- 
mained to  follcw  Promising  lines  of  research  and  to  capitalize  on 
an  investmant  in  e«-uip:iKint  and  on  their  immediate  facility  with  the 
body  of  ideas  with  v.hich  the  work  of  the  contract  is  cxjncerned,  and 
those  having  earned  d ictorates. 

The  list  of  publications  records  the  support  by  the  subject 
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13.  ABSTRACT 


The  results  of  a program  of  research  in  the  rf  spectroscopy  of  stored 
ions  are  described.  Work  has  been  done  on  the  study  of  magnetic 
resonance  euid  hfs  of  e“,  and  H2+.  Techniques  for  measuring  the 
ten^erature  of  ior  gases  and  their  radiative  cooling  have  been  devel- 
oped, Continuous  observation  of  a single  electron  oscillating  with 
an  energy  of  lO>"'^eV  inside  a penning  trap  has  been  realised, 
“Mopoelectron  Oscillator”.  A new  principle  of  forced  radial  shrink- 
ing of  stored  ion  cloud^by  simulataneous  cyclotron  excitation  and 
axial  damping  has  been  proposed  which  may  be  of  use  in  the  confinement 
of  fusion  plasmas<. 
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Orientation  dependent  collision  processes  such  as 
et  + Na*  ^ Hat,  (DeJunelt,  1958;  I961,  & 1962;  Graff  et  al., 
1968*  1969  & 15T2;  Cnuroh  i K-okri,  1971),  et  + HatC^S) 

+ Ia(2p)  _ 41,  (Graff  et  al.,  I968,  1969,  Church  & Kokri,  1971), 
see  Fig.  5.,  Hef  + Cs^  ^ + Csf,  He+tCls^S)  + Cs*  -*  He(2s»S) 

+ Cs"*"  + 6&  (UehiEelt  & Major,  1962;  Major  & Dchaelt,  1968; 
Sctoessler  et  ai.,  19o9)  see  Fig.  2,  and  hv(<-»-)  + (H-H)'*'  H 
+ IT*"  + AE,  (Dehaelt  t Jefferts,  1962;  Richardson  et  al.,  196?; 
Jefferts,  19®  & 1969),  see  Fig,  3 A a,  have  been  used  in  past 
spin-  and  hfs-  resonance  studies  on  stored  ion,  ITie  special 
forte  of  the 
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Fig.  2 . Appas’atus  in  vhicn  the  first  collision  experiw:nts  wit 
(^oXarxsed ) stereo  xons  Ciie^)  and  a t^larisea  atoinic  teas  CCs) 
were  carried  out,  froo  (Dchnelt  i Major,  1962). 
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Fig.  Stored  electron  cloud/lIa-Bean  experiment.  (A)  Shows 
apparatus  in  which  collisions  between  electrons  stored  in  a 
Penning  tran  i.nd  a beam  of  polarized  Ha-Ato:iis  were  studied. 

(B)  Show's  spin-dependent  change  of  energy  distribution  in 
stored  electron  cloud  due  excitation  of  Na  D-lines.  (C)  Shows 
analogous  temperature  observed  by  noise  thermometry.  (A,B)  from 
(Graff  et  al.,  1968),  (C)  from  (Church  & Mokri,  1971). 


SINGLE  HOT  ION  INTERACTING  WITH  TUNED  CIRCUIT 
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NUMERICAL  EXAMPLE 

M » 100  Mh  ; 2zo=  0.5cm 
C«I0‘"F;  .0=100 

5 X 10®  CPS;  Rs  =»  2 X 10^ 


THERMALIZATION  OF  ION 


W|  = kTo  •^(W^o  -kTo)  exp(-t/rit) 
T„=HM25)/(e^Rs) 


OPTIMUM  SIGNAL  TO  NOISE  RATIO 

INITIAL  ENERGY  OF  ION,  Vvio,  FLOWS 
SLOWLY  INTO  TANK,  FAST  INTO 
BATH,  T,T»Tra.  RETAINED  IN  TANK 
FOR  INTERVALwTtd,  WT«(rro/TrT}  VAo. 
THERMAL  FLUCTUATIONS  OF  TANK 
ENERGY  FOR  OBSERVATION  TIME « 
T„  AVER.AGE  OUT  TO  AWt  « 

{rTo/Trr)kTo  , S/N=Wt/A\Vt  ; 
is/H=»  V/to/kTol 


^ 13  sec  ; V.'io  « 3 eV 
S/N«IOO,kTo«  0.03  eV 

Fig.  6.  Brief  analysis  of  hot  oscillating  ion  interacting  with 
resonant  tuned  circuit,  from  (Dehmelt,  1962 ). 
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Fir..  7.  Electrical  equivalent  representations  of  electrons  in 
the  Pennine  trap  structure,  (a)  Pictorial  representation  of 
electrons  in  the  Penning  trap  and  electrical  equivalent  repre- 
sentation. (b)  Electrical  equivalent  representation  of  electrons 

(H,  c),  Pennine  trap,  and  external  cii'cuit  (L,C)  showing  noise 
voltaees  associated  with  real  resistance  R and  fictitious  tran- 
sistor in-put  noise  resistor  R^,  from  (Wineland  & Dehnielt, 

1975b) 
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Fig.  8.  Narrow  frequency  hand  model  for  electrons/ions  (i,  c, 
r^)  interactine  with  LC  circuit  (Cg,  Rg)  showing  block  diagram 
of  detection  electronics,  from  (Wineland  S:  Delunelt,  1975b). 
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1 > ^-+7-^ ‘r FILTER  BAND  PASS  = 60 Hz 

d)  »'i  »'*  v(MHz)  INTEGRATION  TIME  = 3sec 

Fig.  9»  Noise  spectra  associated  vith  electrons  and  Penning 
trap  external  LC  circuit,  (a)  Spectrun:  vith  electrons  absent 
from  trap,  (b)  Spectrura  of  ''n  =5000  electrons  when  electron 
axial  resonant  frequency  = v'  , the  LC  circuit  frequency, 
(d)  Sa’p.e  for  ''130  kHz^  Observation  filter  width 

AVj  *''2  kHz.  From  (v/ineland  St  Dehmelt,  1975b).  (e)  Electron 

parallel  resonance  (v„>v„)  signal  obtained  with  anhamonicity- 
compensated  trap;  Figt  l6.,  (Van  Dyck  et  al.,  1975). 


tion  is  also  being  used  to  cool  the  ions.  Cloud  temperatures 
of  *u80®K  for  e ' s in  a Penning  trap  ( Dehmelt  & V/alls , 1968 ) , and 
'v800°K  for  protons  in  a Paul  trap  (Church  & Dehmelt,  1969), 
have  been  found  by  measurements  on  tlie  IiC  ciruit,  whose  noise 
spectrum  in  grossly  modified  by  the  ions.  Fig.  9.  All  the 
processes  involving  collisions  listed  above  may  be  used  to  info 
cross  sections.  Further,  rhe  forced  center  of  mass  oscillation 
of  an  ion  cloud  is  not  broadened  by  like  ion  interactions, 
(Wineland  i Dehmelt,  1975a).  The  eqiiations  of  ir.oti.on  of  a 
single  particle  in  a Penning  trap  under  forced  cyclotron/axial 
excitation  f (t)/f, (t)  may  be  written 


J » nii  v'l  jkiftc'iii 
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mx  - i®o|x/2  + nuu^y  = t^it) , i-auy^/2  = 

ay  - im<||y/2  - aao^jX  = 0,  (-mu|/2  = 

mz  + ma^z  = f„(t),  = e(j>  „) 

•*  * z zz 

Electrostatic  interactions  between  like  particles  in  a 

cloud  very  small  compared  to  the  wavelength  of  the  exciting  r.'f. 

field  do  not  shift  or  broaden  the  cyclotron  resonance  at  Wg-w 

or  the  axial  resonance  at  u . 

z’ 

“c  = Vm  *■  “S  = “1/2  = -e^^^/m 

Rather,  from  -the  equations  of  the  z-motion  of  two  interacting 
particles 

= F , + f (t) 

1 Z 1 Z12  z 

mz*  + ma^z-  = F + f (t) 

2 z 2 Z21  2 

it  follows  by  add.Vv.'.on  that  the  center  of  mass  coordinate 
Z = (zj  + z^)/2  obeys  the  same  equation  as  a single  particle, 

• * 

inZ  + m«|Z  = f2(’t) 

The  same  arguisent  may  be  extended  to  the  x and  y co- 
ordinates and  to  an  arbitrary  number  of  identical  particles .~) 
Experimeiitally  for  e-clouds  iu  a Penning  trap  with  compensated 
anhamonicity.  Fig.  10,  widths  of  20  Hz  have  been  realized. 

Fig.  9(e),  (V-an  Dyck  et  al.,  1975  ), making  broadening  due  to 
e-atomic  beam  collisions  detectable.  Earlier  a bolometrie 
technique  was  proposed  for  the  detection  of  energy  Transfer  from 
other  degrees  of  freedom  to  the  axial  motion,  and  such  transfer 
from  the  microwave  excited  cyclotron  motion  via  e-e  or  e-aton 
collisions  was  demonstrated  (Deiimelt  a Walls,  1968;  V/ineland  & 
Dehraelt,  1975b),  Estimates  indicate  that  the  sensitivity  of  the 
electron  calorimeter  realized  should  be  sufficient  to  study  such 
exothermic  reactions  as  e + K(F=l)  -»•  e(dm„  = ±l)  + H(P’=o)  + 

5 peV,  in  a stored  el''ctron  cloud/I!-beam  apparatus.  Most 
recently  D.  Wineland  et  a].,  have  observed  cyclotron  resonance 
in  the  monoelectron  oscillator  in  a siniiar  fashion  after  the 
collision  sensitive  forced  axial  oscillation  at  "-bOMIiz  of  a 
single  e had  been  observed  continuously.  Fig.  11,  (Wineland  et 
al.,  1973).  The  detection  of  the  cyclotron  resonance  in  the 
slightly  anharmonic  monoelectron  oscillator  was  based  on  a trig- 
ger technique  relying  on  off-resonance  parametric  excitation 
near  2v2.  Energy  transfer  from,  the  excited  cyclotron  motion 
to  the  axial  motion  via  an  electron/background-gas-atcm  col- 
lision moved  the  axial  frequency  within  the  regeneration 
range  building  up  a large  detectable  forced  oscillation.  Fig. 
Here  operation  with  sharp  cyclotron  enei-gies  in  the  range 
.pOl-l  eV  and  axial  energies  <3ineV  scc-ms  feasible  eventually 


12 


if  jjrf^ir  Hiih 

IS^  ■ fet 


• » 

i’  1 

r-y.  ; 

[ii 

1 

M i 

1 1 j 

[i'* 
r 4 

7Jl¥ii  l> 

IpiM^ 

! h 1=  ts  I - Vi. 


5^11 


Fif;.  10.  Anharraonicity 
et  al.,  1975) 


. ALIGNMENT  RODS 

Columino) 

_ EMISSION  CATHODE 

(tungsten) 

-CAP 

(molybdenum) 

RING  SPACER 

(pyrex) 

GUARD  RING 

_ (molybdenum) 

■ ^RING 

■>•.1,,...^^^  (molybdenum) 

^^•^C^^mag’netic  bottle  ring 

(nickel) 

^^guard  ring 

s.  (molybdenum) 

^'\^^LOw  capacitance  cap 
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^“^^.^^^VACUUM  ENVELOPE 

(nonex) 

s.  FILAMENT 

(tungsten) 

^^-ELECTRICAL  FEEDTHROUGHS 
(tungsten) 

compensated  Penning  trap,  from  (Van  Pyck 


for  electrons  or  positrons  (Delraoit,  197^0*  In  other  develop- 
ments Walls  & Dunn  (197’0  Fi-S-  13;  and  Walls  (197‘0  have  cai'riec 
out  quantitative  measurements  of  reccsnbination  cross  sections 


ind  sta 


and  a detection  circuit  as  shown  in  k’ig. 
of  the  ion  numbci*  in  the  same  saniple  was 
observing  parallel  resonance  signals  as 
an  apparatus  similar  to  that  snown  in  Fi 
Fortson  (197^* )»  have  been  able  to  demons 
of  the  elastic  collision  cross  section  f 
K-atoms  Fig.  ih.  iricir  method  is  based 
frequency  of  the  series  resonant  note 
occurring  away  from  the  obser’vation  wind 
stored  and  thermalized  in  a sligiitly  anh 


■■■ 


Ai^srntus  for  {solatics;  and  continuously  ob- 
serving the  forced  oscillation  of  a single  elastically 
boued  electron.  A block  diagram  is  given  in  (a).  Switch 
position  2 is  for  direct  creU-atioa,  position  1 for  para- 
metric jjecitation  of  the  forced  oscillatior.  .at  65.1 
MHz.  In  (b)  an  equivalent  circuit  is  shown  for  switch 
position  2,  if,  representing  the  electron. 


■r\ 


1 _J=. 
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KccorUcr  lr.ace  of  fomii-osciliation  signal 
versus  time.  The  signal  at  iVs^65.7  Mil?,  for  an  initial- 
ly injected  Insnch  of  cU-clmns  decreases  discur.tlnuous- 
ly  as  the  eirctrons  arc  sueeessively  Ixnlf-:!  out  of  the 
trap  by  the  dnvc  at  i','  ’’  j*-7  Mil?..  The  hast  piateau 
corrcSjwmis  to  a single  electron. 


Fin.  31. 
electron 


Apparatus  Tor  observinc  fore;  cseillation  of 
ttored  in  Penniri"  trap  and  si  ■'  obtained  vith 


from  (Wineland  et  al.,  1973). 
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• ♦ KO*  -fc  CCUIflJU.S 
CttCTHM  CKENSf  aM3.V 


' O 2SO  COO  COO  ICNJQ 

tint  C«iC}-» 

Fip,.  13.  Recombination  data  for  KO'*’  at  an  electron  energy  of 
0.0m5  eV.  !Oie  data  from  5CC  to  700  s show  the  decay  of  ion 
signal  in  the  presence  of  e]ect'*ons.  Measurement'?  a*  other 
times  show  residual  decay  mechanisas,  from  (Wallj  i Dunn 

197^t). 


BEAU  = SOisA 


HO  ELECTROH  LEVEL— p 


SYNTHESIZER  OPERATED 
TU?4E/0ETUME 


iu  • tea 

. TIME  AFTER  ELECTRON  IfIJECTlON  Cseel 

Fig,  lit.  Difference  in  electron  out-of-observation^channel- 
diffusion  sisals  due  to  collisions  with  potassium  atoms  when 
the  potassiusi  spin  polarization  is  changed,  (McGuire  ^ 
Fortson,  lb?**)- 
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diffuse  radially  due  to  e-atoa  collisions  for  a distance  of 
'»<.01  cm.  These  authors  have  also  observed  the  coolinc  of  the 
electron  cloud  at  KT^«1  eV  due  to  inelastic  collisions  vith 
Esleculesj  cf.  (Chxirch  & Mokri,  1971 )»  Fig.  5(c).  In  the  vay  of 
new  schemes  of  some  interest  to  collision  physics  it  has  been 
proposed  to  use  laser  excited  resonance  fluorescence  at  to 
(a)  sake  a sin^e  ion  stored  in  a niniatxure  Paul  trap  visible  to 
the  naked  eye  (Dehselt  & Toschek,  19/5),  {Dehmelt  & Halther, 
19T5)  and  (B)  freeze  oat  the  secular  oscillation  at  v„  of 
the  ion  in  the  trap  completely.  The  latter  trick  is  acconiplish- 
ed  by  making  the  ion  assorb  photons  at  the  Doppler  effect 
induced  sidebiuid  frequency  Vj  - Since  reemission  viJJ. 

occur  syaE>etrically  at  Vj  ± nVy  ener®'  is  extracted  from  the 
vibrational  motion  on  the  average,  (wineland  A Dehmelt,  1975c). 
Hereby  a solution  of  the  previously  posed  problem  of  how  to  sake 
an  isolated  (charged)  atom  float  at  rest  in  free  space  (Dehselt, 
1967),  appears  to  have  been  brought  within  reach.  In  a related 
scheme  (Wineland  r*ehi2elt,1975a,Frrata  a Addenda),  it  has  bnen 
proposed  to  pump  energy  into  and  extr^t  angular  momentum  from 
the  maoistron  motion  of  an  electron  cloud  carrying  out  a daaped 
oscillation  at  in  n Penning  trap  by  irradiating  it  with  an 
inhomogeneous  rf  field  at  tis^  i-  <0™,  and  thereby  make  It  contract 
radially.  There  is  the  jxsssibility  that  the  ’underlying  princi- 
ple is  of  broader  applicability  and  suitable  for  the  contain- 
ment of  fusion  plasBSis. 


a aaaoea 


Ion  storage  techniques  as  well  as  collision  experiments 
based  on  them  previously  have  been  reviewed  in  (Dehmelt,  1967 
& 1969),  (Dawson  a Vnetten,  I965),  (Walls  & Dunn,  197^), 
(Dehmelt,  1975),  and  (Dunn,  197^). 

The  author  thanks  his  covorkers,  Drs.  Davie  Wineland  and 
Robert  Van  Dyck  and  Messrs,  s^ui  Schwinberg  and  Frank  Gorecki 
for  reading  the  manuscript  and  Hs.  Lyn  I-^addox  for  typing  it. 


t)  At.  important  consequence  of  this  is  in  a perfectly 

harmonic  trap  excitation  of  the  center -of-imss  axial  notion 
of  an  electron  cloud  will  not  lead  via-*e-e  collisions  to 
excitation  of  the  center-of-mass  cyclotron  notion.  The 
center-of-aass  of  the  cloud  behaves  like  a single  particle I 
By  contrast  energy  transfer  via  e-aton  collisions  will  of 
cosirse  take  nlsce. 


ilii|l|llll|l|ll|l|llllll!llll|| I 
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electrono  vio,  intcrnctlon  with  ii  po.lfirlzccl  Na-bo/un  were  initintocl  by 
1959.  In  the  couvee  of  thia  work  the  relation  wjia  demon-* 

otrated  cxporJ,montun,y . Hxprooalons  were  derived  for  lihe  thcxmia- 
lization  time  )/(o'’Hjj ) of  a ainf;le’ion  of  muac  M and  ini- 

tial 'onerGy  V/jQ  oacillntinG  innido  ti  trap  of  cap  reparation 
intoractinc  with  n tuned  circuit  of  nhunt  reoiatance  H,j  and  alao  the 
power  cir,nal-to-noiGe  ratio  S/N  « V/jq/KT  available  in  the  tuned  cir- 
cuit with  an  obnervation  time  -Tjip  vms  obtained  (l)ehmelt  19<5l,  19^2 ). 
An  no  r.pin  rcr.onejice  wan  obcerved  it  v/ao  decided  to  r^o  to  emaller, 
deeper  traps,  Vy.  - 60  MHz,  in  hichcr  fieldrs,  = 3 - 22  GHz,  and  to 
Btudy  thei’malization  and  relaxation  procecncr.  occurriuG  in  the  cloud, 
which  wore  feared  to  interfere  with  the  detection  of  the  spin  reso- 
nance. Of  special  interest  here  were  Interactions  between  the  elec- 
trons, with  tlie  tuned  circuit  and,  via  Majorana  flops,  with  (modu- 
lateU)  magnetic  field  , e.g.  (Kleppner  et  al.  19^’2).  The 

hope  v;as  to  use,  relaxation  effects  to  provide  a link  between  spin  and 
cyclotron  motion  that  spin  resonance  might  be  detected  by  h'^ating  of 
the  cloud  (Dehmelt  & V/.alls  I960),  climinatinc  tb.e  need  for  tlie  Ha- 
beam.  Having  adsorbed  a number  of  former  members  of  the  V/ashington 
ion-rf-spoctroscopy  group  the  Bonn/Mainz  gro’.ip  entered  the  field  vci’y 
vigoroujly  in  196i5,  takir.f,  up  the  PenninG  trap/Ha-bow;;  combination 
after  spin  resonance  of  He"*'  in  a Paul  trap  polarixed  ));/  spin  excha.nfc 
v;ith  £1,  Cc  beam  liad  been  demonstrfited  previously  ())cii:m;;Lt  I-',aior, 
1962;  Foi’tcon,  I'ajor  h Dehmelt,  1966),  'Jliis  group  war.  the  first  to 
report  spin  and  g-2  resonances  (Fortson,  Gracff,  Majeu*,  llocdor  and 

rj  ^ n''’r*  '*.  * •{ ’>  i'll  ■» 

labs  prioi’  to  1972  is  the  subject  of  a c'napwer  :in  the  1972  reviov; 
article  of  Rich  Js  V/esloy.  Part  of  it  is  also  covered  in  the  j 9uY  .'Uul 
1969  review  articles  on  tlie  vf  spcctj’oscopy  of  r.tored  ionr  by  tiic 
a\ithor.  Farlicr  work  has  boon  i'Ovic’.;cd  by  jUigVics  (191>9)  aii'i  r’.ara/',o 

(1969). 


Tilli:  STAHFOHD  ifiPFK  111 RH'i’ 


Any  oxporimonts  v;ith  slov£  electrons  arc  besot  wit})  many  p)’ob3e!'.s 
unffuiiiil.iar  to  oxpcj-iiaentalists  v/cll  versed  in  tlic  handling  of  "stiff" 
ond  rnucli  more  populfir  high  energy  boo-ms.  It  is  tlie  more  sur}vir;- 
inc  tlu’.t  the  rcmai'kablc  data  which  luave  boon  roported  for  the 
r»t.anfovd  elefdo’on-positron  free-'ViTi  ;'T'pa»-  ' w.  (•■'.? irV.-V'.nk  et  a,'.'.,  1972) 
have  not  stirred  the  intoi’cst  of  cxporimcntalistr.  in  tills  field  more. 
It  has  been  pr'oposod  (rCniglii, , I965)  to  adapt  this  timo-of-fli /:ht  £i.p- 
par.'itus  for  v/'.iich  energy  rcsolulionr.  of  -3  0"'^  cV  at  £mc1  eV 

at  300^  K.  have  been  reported  to  simultanecnis  me.aaurement  of  spin  and 
cyclot’'on  resoncnces  on  electrons  in  the  lowest  Hahi-Landfiu  level 
(Rich  Si  V/eo]oy,  1972).  Land  U fiaitli  (19YM  have  described  cxiK’rimcnts 
with  a somov/hat  similar  time-of- flight  apparatus  developed  for  col- 
lision studies  and  report  a resolution  of  *5  x lo”^  eV  at  300  K. 


Best  Available  Copy 


SINGLE  HOT  ION  IN  l ERACTING  WITH  TUNED  CIRCUIT' 


-24- 


2A 


CO 


cr 

A^VV 


C3 


V u u u u 0 0 u 0 u u 0 i ' 


o 

, • r« 


d 

UJi 

i 

p 

o 

> 

e> 

a, 

to 

/% 

ro 

« 

C\l 

o 

< 

o 

V VI 

G> 

d 

vy 

LU 

n 

o 

ti* 

001 

C4 

O 

G:: 

ro 

n 

*■? 

CVJ 

11 

• r» 

Q 

ci 

-J 

a 

CQ 

*=*c* 

O 

* r« 
•f 

* #« 

Lu 

o 

• ^ 

r% 

DC 

s 

u_ 

in 

o 

o 

o 

O 

o 

fi! 

O 

r: 

•_ 

c/? 

1 . o 

b 

V 

rO 

11 

«u» 

u 

a 

lO 

o 

i v5 

S! 

rrs 
W #' 

o 


3 


THE  BOHil/MAin?;  EXI’EniMruTS 

Using  the  Penning  ti'aii/polai-iand  !la-bcajn  apparatun  but 
nois«- instead  of  ejection-thei-monietiy  Churc:i  U Mokri  \197l)  have  re- 
peated the  g-2  rosonanee  experiments  of  Grseff,  et  al.  (19*59)  relying 
on  the  spin  depeiidenc-e  of  the  coaling  of  the  electron  cloud  associat- 
ed vith  impact  excitation  of  the  Ha  i)-lines.  Oraeif  et  al . (19T2) 
liave  monitored  the  Na-bean  emerging  from  the  trap  for  spin  flips  it 
laipht  have  ’.inderf/onc  upon  iiitoracting  vith  the  electron  cloud.  The 
spin  resonance  has  been  cbserveu  in  this  uay,  Kicnov.  et  al. (197*0 
have  introduced  a supercondacting  op  kG  S'agnet  and  a new  mode  of 
ejection-thernioirietry  relying  on  p^irtielo  counting.  As  the  depth  of 
the  trapping  well  is  graduall;;  lowered  electrons  cf  lower  and  Icvrcr 
enerfy*  leave  the  tJap  through  a iiole  in  cne  end  cap,  are  accelerated 
and  counted.  Tae  a.uthors  have  tested  their  apparatus  b;*  doteraining 
a sequence  of  energy  distributions  as  the  .sterjd  cloud  is  allov?ed  to 
cool  via  spontaneous  erds.sion  of  cyc3.otrcn  radiation  for  iiicreasiiig 
intervals.  Throvig!*  the  heating  of  the  clo'ud  under  cyclotron  exci- 
tation they  rjave  al  so  observed  cyclotron  signals  of  1 pp::i  width . In 
a sepax’ate  experiment  also  using  a superconducting  magnet  and  intro- 
ducing some  important  modifications  Graoff  et  al.  (1975)  are  reviving 
the  (1953)  proposal  of  3.1och.  Tne  aixthors  propose  to  trap  electrons 
in  a Penning  trap,  thernalixe  Ihcir  axial  and  cyclotron  motionr,  at 

eject  them  by  adiabatic  reduction  of  the  '.rell  depth  and  pass 
them  through  the  fringing  fields  along  the  a;<i3  cf  tb.e  superconduct- 
ing solenoid.  About  'naif  of  th*"  electrcns  shcull  'co  i.u  the  lowest 
unmagnet ic  level  anci  should  tiiorefore  experience  no  acceleration 
"gliding  down"  t'nis  magnetic  "potential  'nill".  Changes  in  the  frac- 
tion of  electrons  in  liighci’,  magnetic,  Habi-Landsu  levels  following 
suitable  excitation  are  expected  to  s)»ow  up  wiicn  the  electrons  emerg- 
ing frc:i  the  fringing  field  arc  analyzed  by  time-of-fligVit  spectro- 
metry. 


THE  WASHliiGTOIi  EXPEhir'ElTS 


Based  cn  experiments  in  which  a low  signe 
of  time  prevented  doing  an  a:aplc  nui;i:)er  of  run 
Stein  U973)  hove  pvbli:;],cd  prcli=,dn;ry  :iCa.-..v 
electron  gas  at  ?0^K  by  mvnxs  cf  a bc-lo-.etvic. 
teclinicxio  (l?eh..:olt  a Ualls,  1953)  the  teisj.erat 
forred  from  noixe  rGasm-emonts  on  an  IvC  circul 
motion.  ‘Jlds  noise  thu:vnorc*ti*y  is  used  to  dot 
cloud  caused  by  excitation  of  tlsc  cyclotron  ::;0 
sequs  .tially  ind;»cing  spin-  and  g-2  trausi  tioji 
inagnetic  rf  ficlii  ind’.icing  tlic  g-w  transitions 
ing  loop  curi’ow’ts  ri'.'wi*:''.  in  tiic  cKncci.vily  cu 
eloctrodo  (Walls  1970).  TIio  incus o rod  uistribu 
the  center  of  the  trap,  could  bo  npiu’ox i mated 
SH^/oX  = -5H,./riz,  Dii.^/jy  = 0.  An  t:.l.ecti*an  mov 
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orbit  or  radiun  v;l.ll  coiircciiu-'ritly  ueo  tin  o«clX'l.atiri(»;  I'ic'J.d 
i'c('<>njj/3x)  coH  Wjjt.  CJinco  (3U^/3::)  '<  cor.  thin  field  vrill  conr.iri 
of  tv;o  cldc*  btmdH  £it  t and  vrill  itiditco  Kpln  trancitlon!;  v/!jcn 
om'*  cho-non  + oij  «=  i/ij,.  Vriluor.  10  Ci/e:n  v;erc  practical, 

ylcldlnc  '*^11)1  Vq  » 5 x "l0“'*  cm  Jbibi ’iVc(|',)crjc:f.o.'-t  of  about  600  IIz. 
(b’aeff  & al.  (19^9)  o-fui  Church  & Molrri  (19Y1)  havo  unod  a different 
cc>i)rif,m’/ition  in  which  t}jc  t-rhltin^’;  cloetron  Kcc’.n  ti  field  rotating  at 
ui^,  vdiono  amplitude  in  « cos  ojt.  Jioth  of  thenno  ficldr  vlcrlratu 
Jlvrnc’n  (19^3)  unnc'cen.'jriry  rc-rtrlctlon  thfit  flcldc  capable*  of 
jnducitic;  tiie*  transition  should  be  .Independent  of  iv,  (iJyrnc!  h.au 
pi'opoccd  to  U!5o  the  Ico.dint;,  x-indepenlotib  term  of  tVic  ci)‘c;ular 
H-fic-ld  prenoertt  in  n niKJci.a'J.  coaxial  cuv'.'-jvy.  Hovrever,  even  for 
(curl  II)^^  ~ (‘.0  i;i(J/ct;i  arid  a Ifdii  frequency  of  Hx  the  accompunylnr, 
oloftrir*  field  *>.^(curl  aocumer,  t)ie*  value  of  -1  kV/cm!  at 
» 29  M’lx.)  '‘ubnequent  e>j>cj*l mental  efforts:  were  dlrcct>;d  tovairdsv 
incroiu^iin/’:  the  efficiency  of  the  renenant  npin/c:-2  heating  and  of  tiie 
1)0.1, eirsat»*ic  detection.  Comvmter  simulation  indicated  t!i.at  altei'natin/,; 
adiabatic  fast  pa3.'ja<~e  epin  I'cvcraalu  o.nd  i’-?  i''."cquency  if-pe.lacs;  of  a 
cotsil'ineti  2 msscc  duration  n.hould  )*ec.ult  in  i:  qsiick  d)*op  of  the  spin 
tc!i.}'Orature  to  ‘6‘'’K  and  an  inerear.e  in  the  cloud  tvsir-crature  of 


lent  Icrv,,  aeries  r<*,nr,:i';! 
rci'.onant  ciretilt.  'I'iic  c-. 


e:,  ."C’.ii.’ 


oisr  pr.viiv.icton:'  had  the  vulvar  ■ ~ 

cloud  ori  of  the 


prrr'snj  e!!  r<'a(n';ar.ce  rtsu'oe  i r .l  ed  vJ.U:  the 
re.'ionancc  is  vi’opcrticjnal  to  n the 


I'or  ri  ''  lO'*.  (r).'di'ir,'.lt  .v  V.'In.'ltsrr.t . 

19Y9h).  A;;i;u;iini".  with  G; a- x'  (.19s’t. ), 
Fiscljer  (1999)  t'na.t  the  erioctrlc  r-hi*'' 
n.amso  frequeru!  i c.r.  r.iiould  I'ef.l  ect  i'iel. 
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nrUiC;c  shift  cq;:.';l  to  v.j,  iO*  IIs.  It 
(V.'lueland  h ]-’fh:„c,lt  , 19Yr''i) . 'Jlse  r q'ntjons;  su’  rsstion  of  a sin(;le 
particle  in  a }’«;nninc  tra;»  urxder  forced  cyc;!'.>tj'on/axiai  ex citrs tiers 
fy^(t )/fj,^(t ) may  be  written 


mx 
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mat 
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cl^rirc.:*^  H !Vr_'  .-  - ;rs:.ati  rVr-;ric.i: 

rrrrfJTtstia?.  v.*?  i «-r:riu!  , r-f 
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siMor  ir.;i«  no;%  resir:f>r  Ih. 
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KlecivoMtat!)  0 i ril.c-ractlorir.  b 'l  ’.von  3'iko  parblclc!.-  do  not  nhl'M,  of 
bi’oacli.-ii  Die;  oycl.oti’on  rcncuruif'-  til  - m,„  or  the  axla.l  reyoimri'.-e  ut 
(!',,>  (i)jj  ••  uij?,  ~ '■I./2  ” -Oyv//::i,  father,  i’roin  the  equa- 

tion  of  til'..!  a-  inoU.on  of  two  .1  htcractJ n£;  jr-.rtic.'l.en 


-I- 


it  foilovn  “by  addition  that  the;  eontcr  of  tfiaes  cooi’dlnatc  •' 

Z K (’/.I  •«•  :',p)/2  obey.",  the'  nturw.  equation  an 'U  :Hinglei:ph/rtielo, 

)iii.'  I-  inai^'/-  The  sjmo  r.fKbmont 'iShy  :be  ,cx 

coordinate  si  and  to  ah  arhitrtuv  nu!nbcr.yOf  idehtlcal;>part;!.clea;  Un~ 
fr>riunately , thin  in  not  no  (V>c  the  rpnonaricc*  oehurlnf;  in  a cloud 
at  w,.  - (Oq  •»■  o'jj,.*  Here  the  individual  electron  upin  due  to  itn 
tliorrnal  cyclotron  notion  at  u^..  - ;Wj,j  applied  inhont.-genc- 

ouc  inag'iclic  field  altoiuiatli!;;  txt  + i^:^\  'Sooz  a,;  oideoand' at  the 

r.p.t  n rc:.i'.‘in'!.nce  frequency  'r.-  = + id^fi.2  and  V.’alic , 19^>S) . 

However,  r o.v,  nov:  reflect;',  the  mi’ero-environnonD  of  the  elf  ctrori 

focuncrd  upon.  'Jlhe  prodence  of  str6'ng;^e**o * iiitoractionc  in  unabl.c 
cloudn  bay  been  der.on.dtr"'-''  ! juV  ocu1o»  by  liar.-uriotric  • exc*  Ltati,on  at 
of  a iiiode  in  vhj oh  oric  half  of  tiiq/dioud  c.ncillate.';  out-of-phaae 
i.' gain  at  Uie  oth-er  half,  nucrert;!  ng  | /w,„  .01-0.1.  h'ever- 

thelcny  for  th'.'  cento r-c rnu'.  no'ie  a litio  width  Hr.  at 

v..'-u0  Mil,.  b,an  Vc;cn  ro'.iliz-.-.i . 'be  caunc  oi*  the  renidu.'.',!  v.’Luth  ;n  i:kj;-.1 
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l.o  a cj'itical  iovel  of  •»?  ?i'V  the  airnal  doaroaned  rouf',h3.y  ex- 
poricnlial.ly  but  in  c.;u:‘l  atopa.  V/e  attribute  the  atepa  to  loss  of 
sinnle  cloctJ’ons  asr  oelatc  d vitl)  an  instability  due  to  r.iir^n  revc.'*s?J.  • 
of  clv^/dV/j  occurrirj;;.  at  > .2  cV.  At  a lover  and  " .2  iiV  tlia 
last  pl.itciiU  correspondiit"  to  a sini^le  electron  has  Veen  observed 
continuously  for  da,vs.  A"  a first  application  the  cyclotron  reso- 
nance non;  22  GHx  './as  observed  on  this  "monoeloctj’on  oscillator" 
(I4f:10).  A tri{.'cor  teehinique  based  on  cnorry  transfer  from  tne  excited 
cyclotron  motion  via  ,~as  collision  to  the  a:'Cial  raotibn  pcn'ameti-ically 
driven  at  2v„  van  used.  For  the  purpose'  of  monitorinc,  cyclotron  r.nd 
spin  quantum  numbers  n,  :n  of  the  MHO,  Debmoit  Sc  ITustrcm  ( 197 3b)  have 
proposed  to  super in^poso  a mriiS'.c-tic  bottle,*  il-  = 3.C0  G deep,  over  xhe 
Pennliu;  trap  fields.  For  cur  standai'd  trap  tiiis  vrovild  cause  a shift 
6vj,(n,m)  -•  (2n  + 1 + 2m)  (3  Hu)  to  the  contribution 

(2n  -I-  1 -!•  2i'n)pQHg,  ~ .5  iieV,vto  the  '•6  eV  deep  trap'ping  poten- 

tial. Tlverccby  it  should  be  possible  to'^literal3y  vatch  the  MEO  jump 
1‘rcn  one  ’:,!n  love3.  to  another,  a MbO  linevidt’a  Av„  = 8 Hz  havinc  'necn 
demons tr cited  I’ccc'ntly  (V'ine.lar:d  3c  al.,  1.975).  A p^ob3.e;a  remaininr.  is 
the  couTilinr;  hetvoen  the  cyclotron  motion  and  the  "free  space"  radi- 
ation field.  A so.lution,  nlcht  be  to  enclose  the  trap  in  a sr;a3.1, 
tiyjit  hii-,h-Q  !:;icrov/ave  cavity  a»;d  to  choose  th.us  re:  tc;  uecouiOe 
tiic  MliO  as  much  as  j-'cssible  frcsi  the  fev:  resonarit  ::iocia.n  the  cavity 
can  support.  The  current  approach  is  to  cool  the  MEO  to  ’;^K.  'i'hero- 
by  a cr..':'li  ti’.;.e  in  the  n = 0 levels  of  -1  .see  may  bo  realized  at 
Vq  - 22  Gliz  durii.,:*  v;;iic;*.  the  sh.ix't::  5v_(o,-v)  " 0 and  Hz 

'.r.i{',ht  hi.  observed  (I'uhmelt  ct  ul.  197*') • *7;r  200  ollz  the  dv.o3,3 

)iov‘:  that  it  bccc;.:03  prcctica.l  to  measure  the  .av.,r- 

Ufe  shij’ts  <<Sv., v.'hicii  cGaiji  dlfiV,';’  by  6 Hz.  }icreu:.on  and  on 
t/ie  very  siov  spin  rclaxaticn  the  detection  of  c-2  tre.nr.it ions  in- 

ray  he  based,  ‘fne  .mail  siuxts  6vj,  duo  to  the  rel-a- 

caar.e  • c-m  ~ (n  + *:•  + m)  hv^/c*’,  ray 
*st  • ■'  t>io  detection  of  the  f'-2  reror.ance  (Dehmelt 
•ia'Di  (1925)  has  .solved  the  blr-ac  equation  for  an 
electron  rov'iiv*  in  s.  r-arnetic  fr'f.d.  In  accordanco  v;itii  this  the 
spin  state  ci-c-rf,/  ha--  to  be  rcya'vicd  as  kinetic  as  f'-i-  nr;  dm  is  con- 

siO  eXTS-risicnts  q-aito  modest  {'-2  ti’ansi  lion  3*.atr:; 
of  i.nLerest  to  loot  for  po.srilxly  :;:ore  convenient 
re:'li/.e  tl;en.  E.  £;.  a nlu.nc  r.cf.netlc  pol;it 
dipcOe  i'ield  is  inhc.::;02e  neouc  enc-uqh  for  an  electi'on  catvyinj.  out  its 
cyclC'trt'U  i.'.otic'.a  ct  plus  a foiced  axial  ;-.ollon  at  to  see  a 
u.'Vib3c;  mynotic  I’f  flelc’  at  the  cts.binati v...  fi-ci:i:an:-y  Vj.  ^ v.^ 
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(Dcli.'iiell , 3-9o9  p.  15I-).  Even  the  j*clativ5sti  c magnetic  fi.ad.d 
B - Kv/c  - ..1  uG  seen  by  an  1 :.ieY  e3octr.in  foi*  E = 1 Y/c; 


vit 


find  apjvi  I cation  (Dvhnolt  St  ifnr.n'O!;;,  1973b).  1 vish  to  I’lanl: 

lb-.  P.  V.'iMc3.and  and  hr.  R.  Yaaj  Lyek  for  i*cadinn  tiie  mmiuscript , an.l 
I.yn  IVidflox  for  typinr;  it. 
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FIG.  1.  Apparatus  for  isolatii^  and  continuously  ob- 
serving the  forced  oscillation  of  a single  elastically 
bound  electron.  A block  diagram  is  given  in  (a).  Switch 
position  2 is  for  direct  excitation,  position  1 for  para- 
Jnetrfe  excitation  of  the  forced  csdliatlon  at  55.7 
MHt.  In  (b)  an  equivalent  circuit  is  shown  for  switch 
position  2,  2,  representing  the  electron. 

(WINELAND  ET  AL.,  1973) 


FIG.  2.  Recorder  trace  of  forced-oscillation  signal 
versus  time.  The  signal  at  =■  55.7  .MHz  for  an  initial- 
ly injected  bunch  of  electrons  decreases  discontinuous* 
ly  as  the  electrons  arc  successively  boiled  out  of  the 
trap  by  the  drive  at  r/  =•  54,7  MHz.  The  last  plateau 
corresponds  to  a single  electron, 

{WINELAND  ET  AL. , 1973) 
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(V?INELAND  ET  AL. , 1975) 
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(DEHMELT  & EKSTROM,  1973) 
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